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Chapter 1. Introduction

Ferromagnetic shape memory alloys (FSMAS) havaci#d a strong interest among
actuator designers as possible fast-responsive acrapgborne actuator material. Earlier
works on FSMAs were focused on phase transformatidfre-Pd system [1] and Ni-Mn-
Ga system [2] under temperature change. Therehaee mechanisms of actuation
associated with FSMAs, under magnetic field whiah be used as driving force for fast
responsive actuator materials [3-7]: (i) magneigtdfinduced phase transformation, (ii)
martensite variant rearrangement and (iii) hybrethanism.

Temperature (T)
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&
&
. 0&\
& Martensite | .©/" Austenite (A)
®®Q‘ (M) phase |~ phase

V. ,

Figure 1. Three dimensional phase transformatiagrdim of a ferromagnetic shape memory

alloy(FSMA) under applied three loading of strassperature and magnetic field.

The first mechanism is based on the phase chaongedustenite to martensite under
increasing magnetic field, or reverse phase tramsftion under decreasing magnetic
field. If we can construct three dimensional phimaasformation diagram of stress){
temperature (T)-magnetic field (H) axes, see Figh& phase transformation of austenite
to martensite phases under modest magnetic fietliires that the T-H phase boundary
surface be inclined toward the T-axis with the Béundary line that has a smaller angle

with T-axis, otherwise, the increasing H loadinguidb not intersect the T-H phase



boundary surface. Kato et al [8] made preliminasyimate of the necessary magnetic
energy to induce a phase transformation basedevmtdynamic model, to conclude that
large H field is required for the phase changeatetfor both NiMnGa and FePd.

Therefore, this mechanism is not suited for uselesigning compact actuators which

may need a small and portable electromagnet syasesrdriving unit.

The second mechanism is to induce the strain irBElA- with 100 % martensite
phase subjected to constant H-field which actshenrhagnetic moments in magnetic
domains that exist in the martensite phase so eddte them along the easy axis, i.e., c-
axis in the case of NiMnGa and FePd. The straduded by this mechanism is a
function of c/a ratio of FSMA, i.e., the order dfear strain, given by a/c — c/a. Thus,
smaller the c/a ratio, the larger shear straintmaimduced by this mechanism. The c/a
ratio of NiMnGa, is reported to be 0.94, which abyrovide 6 % or more strain.
Recently, Yamamoto et al the reversible strainifigaosingle crystal FePd under a
constant magnetic field where the boundary betweenkinds of variants are observed
to move, contributing to reversible strain of up G@9%[9]. Even though the strain
induced by the second mechanism is large, the sporeling stress remains to be modest
as several MPa under modest applied magnetic fasitly (1 T).

The third mechanism which we call as “hybrid medsiari, is based on a set of chain
reactions, first applied magnetic flux(or field)agrent, magnetic force, stress induced
martensite phase transformation (see Fig 1), iegulh the phase change from stiff
austenite to soft martensite phase, leading teeldigplacement. The advantages of this
are large stress (hundred MPa in the case of FeRaljest — intermediate strain, fast
actuation time. This phase change can be appjie@pproaching a compact and portable
magnet close to the FSMA specimen which providiesge magnetic field gradient, thus,
suited for use in designing actuators with largeedocapability. Currently, the cost of
processing of known FSMAs is very high and theirchamical behavior is often
unsatisfactory (poor ductility). Also, the procesgitechniques are quite cumbersome
(making single crystals FePd, NiMnGa etc). To owere these difficulties, we proposed

use of FSMA composites with the hybrid actuatiorchamism[10] where two cases of



FSAM composite design were discussed, laminategosite for bending type actuators
and spring with complicated cross section madeeofofnagnetic material and super
elastic SMA.

The advantages of the proposed FSMA compositesamteresponse, large force and
stroke, yet its actuators can be made into comgragttlight weight with modest material
and process costs. As a demonstration, we designetembrane FSMA composite
actuator for use as a new synthetic jet actuatactwprovided fast jet stream with speed
of 190m/sec [11].

This final report states the modeling of FSMA cosipes in the first two chapters
(Chaps. 2 and 3), followed by the processing ofiiated and particulate composites in
chapter 4 and 5, respectively. Finally, concludiemarks which include future work to
be recommended in Chapter 6. Extensive list ofregfees are given at the end, followed
by the details of the analytical modeling in Append, and list of publications under

this project are given in Appendix B.



Chapter 2. Design of FSMA Composites by Simple Modeling

In this modeling study, two cases of loading, begdand the twist modes of the
composites are considered with emphasis on howg#wnetry and the mechanical
properties of the components influence the supstie(8E) shape memory alloy(SMA)
behavior of the composite. First, the bending defdion of the composite plate with
application to torque actuators is theoreticallglgped. That is, the relation between the
curvature and the bending moment for the compqdii¢e. Next, the spring of the
composite wire with the rectangular section formdssigned in consideration of
application to spring actuators, and the deformmataharacteristic of the spring is
examined. For both models of bending and torsioR®A composites, the optimized

microstructures of the composites are identified.

2.1. Modeling on Superelastic behavior of bending comsite plates

For bending type actuation, the laminated compogtate composed of a
ferromagnetic material layer and superelastic SM#get as shown in Figure 2(a), is
examined. The composite plate is subject to benaiagent M induced by the magnetic
force generated by the ferromagnetic material. rAtie maximum bending stresses on
the plate surface of SMA layer reach the transftionastress (onset of superelastic
plateau in the upper loop of the stress-straineuifigure 3(b)), the phase transformation
proceeds from the plate surface as shown in Fig(sg The stress in the transformed
region remains constant due to the superelastiav@h of SMA. It is assumed
throughout in this paper to facilitate the analyiat the superelastic loop of SMA is
"flat" i.e. no working-hardening type slope alloweghd the Young's modulus of the
austenite is the same as that of the martensiteselrlassumptions would allow us to
obtain closed form solutions in the present moaléhough the predictions are still to the
first order approximation. The aim of using thisnple model is to identify the best
thickness ratio of a ferromagnetic layer and SMyefan the composite plate.

Then, the relation between the bending momenttlamaurvature is theoretically
calculated by using stress-strain curves of thetitoient materials. Figure 3(a) shows the

analytical model. Radius of curvature of the conitgoglate subject to bending moment



M is p, the thickness of the composite plate is h, thekiiess of the ferromagnetic layer
is h, and the plate width is b. Figure 3(b) shows thess-strain curves of the
ferromagnetic material and the superelastic SMAgemhthe Young's modulus of the
ferromagnetic material is {Ethat of the SMA are &ua, the yield stress of the
ferromagnetic material is;, and only elastic portion of the ferromagnetic enia is
shown. The onset stress for phase transformaticsupérelastic SMA i, the onset
stress for reverse transformationas in the superelastic loop portion of SMA. As a
result, the relation between the bending momenttaadurvature of the composite plate
also is expected to exhibit the superelastic |[doproperly designed. This superelastic

loop of the ferromagnetic shape memory alloy coritpess indeed desired.
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Figure 2. Composite plate for bending mode actoatio
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The curvature which reaches yield stress a ferromagnetic layer and the curvature
which reaches transformation stressn superelastic SMA layer are strongly influenced
by the mechanical properties and the thicknessotti materials. Stress distribution is
classified into the following three cases becaude tlee relation between the

transformation stress in the SMA layer and thedygttess of a ferromagnetic layer.

Case 1: The stress in a ferromagnetic layer reatieegeld stressy, before reaching the
transformation stress, in the superelastic SMA layer.

The stress distribution of this case upon loadind unloading is shown in Figure 4,
where the bending stress by elastic deformatidiugrated in each material.

<
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(a) (0)

ﬁ Loading
— Unloading

Figure 4. Changes in stress distribution in cressien

according to load (Case 1)

Case 2: The stress in a ferromagnetic layer reattteyield stress, after SMA layer
reaching the transformation stress in some part.

The stress distribution of Case 2 upon loading @mdading is shown in Figure 5.
Under increasing bending moment first elastic stdéstribution (a), then the stress in the
SMA layer reaches the transformation stregst the position of yy(b), and when the
transformation domain advances tg=Yi, a ferromagnetic layer reaches the yield
stresso; (€). It is noted in (b)-(e) that ;Yremains constant until;yreaches Y. During
unloading, the stress decreases first in elastigallall domains (d), next, the stress

becomes constant from the upper part of the SMArl&y the position of ywhere the



stress reached reverse transformation streés). In addition, after the stress at location
ys=Y; reacheso;, the stress inside portion (ygydecreases elastically (f). Finally, the
stress in the entire SMA layer decreases elastiedlen the stress in the SMA on the top

surface becomes small than(g).
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Figure 5. Changes in stress distribution in cressien
according to load (Case 2)

Case 3: The stress in a ferromagnetic layer reatliesjield stress, after the entire

domain of the superelastic SMA layer reaching thedformation stress,.

The stress distribution of Case 3 upon the loadind the unloading is shown in
Figure 6. In early stage of loading, the stresa ferromagnetic layer does not reach the
yield stress yet even after the stress in all domaif the SMA layer reaches the
transformation stress, (c). A neutral axis position changes with an iase=in the load,
and the stress reaches the yield stegdmally in a ferromagnetic layer (d). The process

of unloading is shown in Figure 6 (e) to (h).
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Figure 6. Changes in stress distribution in cressien
according to load (Case 3)

For each stress distributiany(y) of the three cases, the following equationsvalel,

i.e. the equilibrium of force and moment.

Iohax(y)ydy=0 1)

M =] [0 () yocy @)

The neutral axis position and the relation betwéenmoment and the curvature are
obtained by solving these equations. Let us foaushe case 2, particularly the stress
state of figure 5(b). When a neutral axis positierg,, and the transformation stress
position is y, the stress distribution in each domain becomes
in ferromagnetic layer (O<y<h

oy =, 2Y 3
o

in SMA layer below the transformation stress(hy<y<y;)

o(y) = Equa Loy (4)
)

in the transformation domain of SAM,&y<h)
a(y) =0, ()



By substituting Egs. (3), (4), and (5) to Egs. &by (2), unknowr§, and y are solved

and they are given by

&_[(E ), o pl, [E(E YN0 pf (B )N (6)
h |\ Eqn ) B Egnh| VEgslEgm Jh Ean N | | Eap ) h

Vi, O P (7)
h h Egnh

Moreover, by substituting Egs. (3)-(7) to Eq. (&)e relation between the normalized

bending moment and curvature is obtained as
M _h| B i) 1 (hY e [x) AN [L) AN 1_@]2 (8)
Eqwbh®  p|Eqn |3l h) 2h{h 3|l h h 2hllh h 2Eqn h

Eq. (8) is valid for the range of curvature, im@nh the curvature with transformation

stressop in top (y=h) of SMA layer to the curvature witheld stresso; at bottom (y=0)

of ferromagnetic layer. This range of the curvaisrgiven by

2 2{1+(EZA ﬂj[:j} _h_h ©)

Equa 1+ E; 1 2_h7f h7f PP
Eaun h |\ h
where

[ + g, ’
h E Ean (10)
E

o 2 2
Ef ESVIA h ESMA Ef ESVIA h ESVIA Ef ESMA ESVIA h

Similarly, the relations between the bending moneerd the curvature for the three

cases of Figs. 4-6 can be calculated. The resaitcdses 1, 2 and 3 are shown in

APPENDIX. The conditions under which three casesvatid, are obtained as

Case 1

1+ E -1 h Y
g _ & Ean AN (11)

o ESMA1+ Eq _ 2_h7f h7f
Eqn h )\ h




2“{%+C’o[hf_1}>h (12)
hi [Eawa EiLh P

zh{%ﬂ(hf_l]}sh (13)
hf ES\AA Ef h Iol

The maximum normalized curvatures in these casegiaen by

Case 1 Case 2 Case 3
hY h_h hzzh{‘ﬂ_%[h_l}
{ ( J{h} pop, P he |E; E;Lhy (14)
E, h,
1+ -1+
=)

The maximum deformability of the composite plata ba analyzed for a given set of

h_o;
pE

the mechanical properties and the thickness ratwaterials by using equation (14).

2.2. Analytical Results and Discussion on laminated congsite for bending

The relation between the bending moment and theatwre is predicted by the
present model for two type of the composite, i.e/CaAIMn and FeCoV/CuAlMn.
Figure 7(a) is the idealized stress-strain curdieBeoand CuAlMn. The results of the
predicted relation between the normalized bendingnent and the normalized curvature
for thickness ratio #h=0.5 are shown in Figure 7(b). The state of thess for this case
corresponds to Case 1, Fig.4, i.e. the stress iA Biyer is not superelastic plateau, thus,
the superelastic loop is not observed as evidenneéfigure 7(b). Therefore, the
composite plate of Fe and CuAIMn is undesirable effective bending actuator

component.
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Figure 7. (a) Stress-strain curve for Fe and @afbn between normalized bending moment and
normalized curvature for CuAIMn-Fe composite.

Next, the FeCoV/CuAlMn composite plate was analybgdusing the mechanical
property data shown in Figure 8(a). Figure 8(bwshthe analytical results fok/h=0.5,
exhibiting clearly superelastic behavior. By uskeCoV whose yield stress is larger than
Fe, yet its soft magnetic property is better thanwe can achieve now the state where
most of the CuAIMn layer becomes a transformatiomdin, corresponding to almost
the state of Case 3. Moreover, the maximum cureates 2.22 times larger and the
bending moment was 1.60 times larger than thoseeotomposite with Fe. Therefore,

the FSMA composite so identified is promising as effective bending actuator

component.
500 . : r T T 7 T T T T T T
h/h=0.5
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Figure 8. (a) Stress-strain curve for FeCoV, (blaRon between normalized bending mo and

Nolmalized curvature, p/x10°

normalized curvature for CuAIMn-FeCoV composite.
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Next, we performed a set of parametric studiesx@mene the effects of material
parametersd, E, 0o, 01, Esma) and geometrical parameter, i.e., thickness rdtitn).
The predicted results are shown in Figure 8, witay€f) denote the case of changing
parameters, yield stress of ferromagnetic matéo@) the upper plateau stress) and
lower plateau streso{) of CuUAIMn superelastic loop, and ratio of ferragnatic plate
(hy) to the composite (h)+h, Young's modulus of ferromagnetic materia) @hd that of
SMA (Eswa), respectively.

10— 10 r——r—T—r—r—r——T—T—r———r—r——r—r—
- 8| E - 8 -
3 - ; S 3 .4
E 9 PPt ignd E 9 L
g N>< 6T l'l ] g Nx 6r /’" T
o 5 , ° % l’. < —
ST ‘ S 7 )
5 & af .- g(MPa) 3 7 af sy o (MPa)
g Y S ! g 4 7 0
5 = S e 300 5 = e 70
2 oL — 400 ] z oL — 100 A
"""" 500 TTTTTTT 150
0 L i L 1 L L 1 i L 1 L L 1 L e L 0 1 1 L L
0 2 4 6 8 10 0 2 4 6 8 10
Nolmalized curvature, hip x10° Nolmalized curvature, hip x10°
(a) of (W)
10 v LI T T LI 1 T 10 T T T LI 1 T T
- 8F L o sk J
T ¥ T < [ L
£ 3 E 3
g3 of ] 83 of ]
8 g( ., 8 g( ," ==y
N > L. N > !
T W04t g i T 0 4F K hf/h -
E = e E = i s
s= [ S s = e 0.3
z oF S — 50 h z 2 [ 5 — 05 ]
"""" A T 07
O 1 1 L L O y L 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Nolmalized curvature, hjp x10° Nolmalized curvature, hfp x10°
(c)ou (dyh

12



10 —b———mr———— 77— 10 [ T T T T
- 8f 1 . st ]
% < g < :
5 3 5 3
£ o O 1 & 6 .
3 S 3 8
N = N 2 foei
TEU S AF . ,—g U\Jw 4F Iy s E i (GPa) 5
s = 5 = 7 . T 40
z .t i -
z 2k ] 2k Lo T 60 ]
- ¢ 80
O L a1 L L2 L 1 1 L i O [ 1 L L L
0 2 4 6 8 10 0 2 4 6 8 10
Nolmalized curvature, hjp x10° Nolmalized curvature, hjp x10°
(e) B () dma

Figure 9. Change in superelastic behavior of benglate influenced by various parameters,
(a) yield stress of Fe, (b) upper transformatioasst of SMA, (c) lower transformation stress of SMd)
thickness ration of Fe to FSMA composite, (e) Yosmgodulus of Fe and (f) Young's modulus of SMA.

When the yield stress of the ferromagnetic matenedeases, it is clear from Figure
9(a) that both bending moment and the curvatunease. When transformation stregs
of SMA increases, it is found from Figure 9(b) thia bending moment increases and the
curvature decreases. It can be seen from Figude B¢ lower limit of the superelastic
loop decreases if the reverse transformation streskecreases. When the thickness of
the ferromagnetic layer increases, it is clear figigure 9(d) that the bending moment
increases though the curvature decreases. Opposibelcause the thickness of
superelastic SMA layer increases when the thicknéssferromagnetic layer decreases,
the superelasticity behavior increases. Theretbeepending moment decreases, and the
curvature increases. From Figure 9(e), the maxinmumvature decreases though the
bending moment does not change when the Young'sulmodf the ferromagnetic
material increases. Therefore, an increase in teny's modulus of the ferromagnetic
material is undesirable as the composite. From rEig8f), the bending moment
decreases when the Young's modulus of SMA increddes design of a more high
performance ferromagnetic shape memory alloy corgmdecomes possible by the

materials design based on the above analysis.

13



2.3. Modeling on superelastic behavior of coil spring mde of a composite wire with
rectangular cross section

With the aim of designing a high-speed linear a@ctydahe superelastic characteristic
of a coiled spring of the ferromagnetic shape mgnummposite wire with rectangular
section is analyzed. Figure 9 shows the analytrmadel. The magnetic force is generated
in the ferromagnetic material by the magnetic figjchdient, and displacement is
generated in the spring by the hybrid mechanisnerded in Introduction. The relation

between this spring force and displacement is aedly

D: the diameter of spring (D=2R)

d: the diameter of wire

p: the pitch of one cycle

n: the number of turns

L: the length of spring without load (L=np)

a: the inclined angle of the wire to the x-y plane

Figure 10. Analytical model of coil spring with taagular cross section.

When axial force P is given to the spring, the wafethe ferromagnetic shape
memory composite is subjected to torque T. Theticgldbetween spring force P and

torque T is given by the next equation by

T = PRcosa (15)

14



for a twist angle per unit length of the rectangwlection wire ofw, the total twist angle
@ is 2mRwsea as the total length of the wire is7@Rsea. Therefore, the displacement

of the spring is calculated by the next equation.

0= 5torsion * 5shear . 5torsion

=Ryp= 2nnR2wsecnf (16)

It is assumed in the present model that the dispt@nt due to direct she&@earis
neglected. This is justified for large ratio of ® & or b. Then, the relation between the
spring force, P and displacemeftcan be calculated if the relation between thettwis
angle per unit lengtlw and the torque T of the rectangular section varkniown, which

will be obtained in the following.

Analytical Model for Torsion of Composite Wire with Rectangular Section

To generate large magnetic force by the hybrid meidm, it is necessary to increase
the area of a ferromagnetic material in the reatlrgsection, while meeting the
requirement that the ferromagnetic material shawdtireach its yield stress. The stress
field in the rectangular section can be calculdteth the shear strain distribution of the

rectangular section for a given twist angle.

Let us look at the rectangular section of a contposith width 2a and height 2b as
showing in Figure 11. We introduce the assumptioat tthe spring deformation is
uniform along the wire direction (z-axis) and pladisplacementsu and v are in

proportion to z, as follows;

U=-ayz, V= GXZ, WZW(le) (17)
where the functio®(x,y) is the Saint-Venant's function [11] that satisfibe equilibrium

equation and 2D compatibility equation of straior he spring with rectangular cross

section, the shear strain components are expressed

15
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Figure 11.Contour line distributions of shear strain in regialar section
(a) y/aw ,(b) v, /aw and(c) y/aw, where a is the length of longer side of a rectamgeioss section of
a FSMA composite ana is the twist angle per unit length.
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Therefore, the effective shear strain acting onréfogangular cross sectionis calculated

by
N AR (20)

For a=2 and b=1, the contour line distributionsleéar strain componew, y,, and
effective shear strapdivided by & are shown in Figure 11(a), (b) and (c) respedtivel
Yzx becomes 0 at x=-a and a, and it reaches to thenomn value at y=b on the y axis,
and becomes the maximum at y=-b on the y gxjseaches to the minimum value at x=-
2, y=0, and becomes the maximum at x=2, y=0. Thenalized effective shear strain,
y/aw reaches the maximum value 0.930 at the centeorgf kide edges, and reduces
toward the center.

The effective shear stress induced in the ferromtgmmaterial is calculated by
multiplying y by the shear modulus; @f the ferromagnetic material. The effective shear
stress distribution of the ferromagnetic matemnathe rectangular section is calculated for
a given set of twist angle per unit lengdhsize a and b. Then, the optimum shape of the
ferromagnetic material can be determined from dmain under the condition that the
effective shear stress does not exceed the yieddssin shear; of the ferromagnetic
material.

If FeCoV (G=70GPa;=231MPa) is used as a ferromagnetic material, andln
is used as a superelastic SMA, thends10.003, a=2, and b=}/wa<0.55 is obtained
from the requirement of {g<t;. Figure 11 shows the optimized rectangular seaidhe

composite obtained by this design, where the dee& af FeCoV satisfiegwa < 0.55.
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FeCoV CuAIMn

Figure 12. Optimized rectangular section of the jposite made of ferromagnetic, FeCoV and
superelastic SMA, CuAIMn.

Next, we examine the relation between the twistleamer unit lengthw and the

torque T of the composite wire with rectangulartieec The torque is calculated by

- - —_r b
T=M, =PRcosa =] —bf fa(xrzy - yrzxjdxdy (21)

=] k_’bf f‘aG(Xyzy-ny(jdxdy

Here, we can define three domains in the compdsitiag loading.

Domain 1: Domain of ferromagnetic material
Domain 2: Domain with effective shear stress thas the forward transformation
shear stress of SMAy

Domain 3: Transformation domain of SMA

18



The effective stress in the ferromagnetic matagabbtained by multiplying shear
modulus G by the corresponding effective shear strain far @hastic deformation. In
SMA, it is necessary to judge if the effective shetresst is below the forward
transformation shear stregg 1 is obtained by multiplying shear moduluspz by vy if
the effective shear stress of domain 2 is belowfdheard transformation shear strags
In domain 3 where the effective shear stresgaches the upper transformation shear
stresslo, thent =T1o.

Because a shear strain component proportionalhg@ses with an increase an by
multiplying the corresponding shear strain compor®nthe modified shear modulus
G=10/y, the shear stress component for whichecomest, is calculated. That is,
Equation (21) is applicable to domain 3 by usingu&mn (24). Then, torque T
corresponding to the twist angle per unit lengtls calculated by equation (21) by using

the modified shear modulus in each domain accoriniige following Egs.

Domain 1. T«
waf

G=G, (22)

Domain 2:, i« and ,_ %
waf GS\/IA

G= GSVIA (23)

Domain 3: . 1« and,, %
waf GSVIA

y

where,ux is input data, and it is the maximum twist angbe pnit length when the cross

section is optimizedyx =0.0015 for cross section shape of Figure 12.
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Next, the case of unloading is considered. Thesstireeach domain decreases during
the unloading, but the superelasticity in SMA wanerated in domain 3 where the
effective shear stress reached the transformatieassduring the preceding loading, it is
necessary to divide domain 3 into three sub-domains

Domain 3-1:1 above the reverse transformation stress
Domain 3-2: 1 equal to the reverse transformation stmgss

Domain 3-3: 1 below the reverse transformation stress

For domain 3-1, the effective shear stress larger than the reverse transformation
stresst;. The shear stress component®siy is calculated by multiplying modified shear
modulus of Equation (24) by the shear strain corepgrand it decreases from this stress
state elastically in proportion tostza in domain 3. That is, the shear stress composent i
calculated by multiplying the modified shear modulef Equation (26) by the shear
strain component in the range of the effective sk&ain of Equation (25).

Domain 3-1,, & and, . (n-z)e (25)
Gy Gamlwr —@,
G=lo-Gg, (26)
y

For domain 3-2, because the effective shear steaghes the reverse transformation
stresst;, the shear stress remains constanty&e.. That is, the shear stress is calculated
by multiplying the modified shear modulus of Eqoati(28) by the shear strain in the

range of effective shear strain of Equation (27).

Domain 3-2,, & and,, (G-z)e (27)
GS\/IA GSMA W — W

G= (28)

< |
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For domain 3-3, the superelasticity disappears usrdhe effective shear stress
lowers more tham;. The range of effective shear strain and modifiledar modulus are

given by

Domain 3-3 y< Gfl (29)

G =Ggys (30)

The torque T corresponding to can be analyzed from equation (21) by calculating
effective shear strain of each area using the nsatighear modulus corresponding to
each domain defined by Equations (22), (23), (22%), (28) and (30). The relation
between the force and displacement of a springoearalculated by using Equation (15)
and (16).

2.4. Analytical results and discussion on composite sprg

Based on the above model, we made predictionseofdique (T) - twist anglew)
relation, and also of the spring force (P) - dispraent §) relation where the idealized
stress-strain relations of ferromagnetic FeCoV suqgkrelastic CuAIMn shown in Figure
13 are used.

250 T T T T T

/1=230.9MPa ]
< 200F ]
o ’ E
R T D FeCoV (G=70GPa)

(=] t f g
o 150F ; ——CuAIMn (G =25GPa)|1
@ E SMA ]
B ! ]
o 100F ]
£ K 1
§ ; 1.=57.7MPa ]
» 50 / / ]

| 1=28.9MPa ]

0 P . ]
0 0.002 0.004 0.006 0.008 0.01 0.012
Shearing strain :y

Figure 13. Idealized stress-strain curves of Fe@o¥ CuAIMn.
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Figure 14. Superelastic behavior of Fe/CuAIMn cosifgospring.

Figure 14 show the analytical results for the caflsenaximum twist angle per unit
length w=0.003 of a composite plate wire with a=2mm (witdh4mm), and b=1mm
(height is 2mm). Figure 14(a) shows the relatiotwieen the torque and the normalized
twist angle, indicating that the torque rises prtipoally as the twist angle increases, and
the transformation of SMA begins @a=0.0025, reaching the transformation stress with
wa=0.0042 in all domain of SMA. Aftepa reaches 0.006, the superelastic loop exhibits

the reverse transformation corresponding to theadihg.

Figure 14(b) shows the relation between the sgionge and the displacement of the
coil spring of length L=100mm, diameter D=25mmchipp=5mm and number of turns
n=20. The maximum displacement of this coiled gprvas 59.2mm, the spring force
became 78.4N.

We made a parametric study to examine the effecesach parameter on thedP-
relation. Figure 15 shows the analytical resultshef Pé relations influenced by various
parameters, (absva, (b)To, (€) G, (d) T; and (e)r;. From Figure 15 (a), it is clear that
shear modulus of superelasticity SMA does not erflze the maximum displacement and
the maximum spring force. It is noted from Figuke(b), that the spring force increases

with an increase in forward transformation sheeesst. It is clear from Figure 15 (c),
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that the spring force does not change and onlynise@mum displacement increases if the

shear modulus of the ferromagnetic material becorsemll resulting in larger

displacement of the spring. It can be seen fronurgid5 (d), that both the spring force

and displacement increase the superelastic behavien the vyield stress of the

ferromagnetic material increases. It is noted fiéigure 15 (e), that the lower limit of

superelastic loop decreases if the reverse tranatwn stress; decreases.

In summary, lagert; of the ferromagnetic material and softer ferronsignmaterial

will provide a spring actuator with larger displatnt. And, to obtain large force of the

spring, use of SMA of largey, is desired.
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Figure 15. Effects of various parameters obiriekation of FMSA composite springs,
(a) SMA shear modulus,dga , (b) forward transformation shear stress,
(c) shear modulus of a ferromagnetic material,(@ the yield stress in shear of a
ferromagnetic materiat,, and (e) reverse transformation shear strgss,
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Figure 16 Superelastic behavior of Fe/CuAlMn conitess

Next, we shall compare the mechanical performari®® (elation) of a spring
between "rectangular" and "square" cross sectionthis end, the cross section area of
the square is made equal to that of the rectangilatied earlier (Figure 13). The
analytical results of the optimum square crossigedf FeCoV/CuAlMn composite are

shown in Figure 16(a), while the &*elation of the FSMA spring with this square cross
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section is given in Figure 16(b) as a dashed liheres the results of the rectangular cross
section are also shown by solid line. A comparibetween the square cross section of
Figure 16(a) and the rectangular cross sectionigfiré 12 reveals that the FSMA
composite spring with square cross section proviaegr force capability than that with
the rectangular cross section for the same cras®searea. However, the effectiveness
of using the spring with the square cross sectEmains to be determined after its

effectiveness of inducing large magnetic force leetw the neighboring turns of the

spring.

2.5. Concluding remarks

The predicted results of the bending moment - dureaof a FSMA composite plate
exhibit superelastic behavior of the composite bedrie those of the FSMA composite
spring with rectangular cross section show alsalairsuperelastic behavior. The above
superelastic behavior is the performance requicedFSMA composite actuators with
high force and displacement capability. The resoltsthe simple model were used
effectively for optimization of the cross sectiorognetry of two types of FSMA

composite, bending and torsion types.
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Chapter 3. Modeling of Effective Magnetic and Mechanical Propdies of
Fe-NiTi Particulate Composite

In this chapter, we will discuss two models to jpredhe magnetic properties of
FSMA particulate composites, first for magneticrpeability and second for saturation

magnetization.

3.1. Composite Magnetic Permeability

H

(o]

H
T (D -Q, 4, SMA) T (D-Q, 4, SMA)

. . (Q,u; ,Fe) O O‘ (Q, th H)
X3
X5

®

I I
H o H o X,
X X
Actual composite Eshelby’s model

Figure 17. Eshelby’'s model for a FSMA particulabenposite

In the absence of inhomogeneities, see Figure 17,

B=yu, H (31)

m

HereB is the magnetic fluxH ., is the magnetic field intensity in the matrix gags

the magnetic permeability of the matriks shown in figure 17, the matrix phase (m-

phase) is the non-ferrous NiTi alloy (paramagnetaterial) and Iron in particulate form
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constitutes the fiber phase (f-phase). Since thgnetic susceptibility for paramagnetic

materials typically lies in the range of 30 10°, the magnetization vector is very weak.
Therefore, equation (31) takes the following fodg]f-

H,=H,+M <« H_= H_

M =0 - Magnetizaion vectorfor paramagnéts (NiTi) (32)

UB=u,H,
This error is found to be of the order of 0.01% ethis considered acceptable by the

PI. Upon addition of inhomogeneity (ferromagneti@ape), the flux and field vectors are

related as follows ig2:-

B+B, = i mHo+Hd):ﬂmmHo+Hd_H*) (33)

By definition for ferromagnetics,

B=u, {H, +M ~N M) =, {H - N M) (34)

where N - demagnetization factor, a tensor quantity dependirig on the shape of the

inhomogeneity, analogous to Eshelby’s tensor offraeical case.

ChoosingH, =—N M in equation (34) we get,

H,=NH =S"[H’

or,

B+By =4 QH,+S"H )=y, {H,+S"H -H")
S™ = N "EshelbysTensor'for Magneticcase

(35)
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From equation (35H" can be solved. When the volume fraction of ferrgnadic
inhomogenetiesf becomes finite, the interactions between ferrame#ig particles need

to be accounted for. Mori-Tanaka’s mean-field tlydoas been used in the present tase

We thus defineH as the average magnetic field and equation (35)mgetlified to:-

B+Bd ::uf mHo+ﬁ+Hd):ﬂmmHo+ﬁ+Hd_H*)
or, (36)
Bd ::ummﬁ-}_Hd _H*)

Since the volume integration &f ; must vanish over the entire domain, we get,
H=-fH,-H") (37)
Substituting in equation (36) and simplifying gives
H =, — ) da- 0™+ i)+ ] Qe ) H, (38)

Following the steps enumerated in section 4.2.118f° the concentration factor
tensor A is evaluated,

H, =H, +H +H, =H, +H,(1- )+ fH" =H +{(1- hs" + fi} "
or, (39)
Ho =Hy +{(1= 0s™+ i}, — ) - nsm+ fi}s | M - ),

Or,

! Atomic interaction effects have been neglectee hEhis is something that the Pl will be considgiim
future.

2 Section on “Effective Property tensor of a comfmdField vector Z,) boundary condition”

28



H, =[| Ha-nsm+ e, - u)da- Hsm+ i} | W - u )JEHO

or,

H, = ATH, (40)
with A:[I Ha-nsm+ a}du, —u)da- Hsm+ A+ ] ey - 4y )]

Thus,

luc:lum-'_f(luf _ﬂm)m (41)

U, - Composite magnetic permeability.

Thus, by knowing the properties of the individuahstituents of the composite and the

geometry of the inclusion, the composite magnegitreability can be evaluated.

3.2. Saturation Magnetization (M) of Fe-NiTi particulate composite

The magnetic field intensity in the composite isleated as follows-
H, = (1= f)(H )+ f(H,)
(H{)=H,+H +H,
=H_,-f(H,-H )+H,
=H,+(1- lH  + fH’

(Hp)=H,+H
=H_ - fH, + fH’
H, =H,+M¢
=(1-f)(H, - fHy + fH" )+ f(H, +(1- AH, + fH")
=H,+fH’
=H - fM
(0] S (42)
or,
MS =M,

Here,M, - SaturatiorMagnetizain of theferro- particulae (f - phase)
andM; - CompositeSaturatiorMagnetizaion.

3( > Denotes volume average over the entire domain.
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Since the experimental data tabulates the Sataratiagnetization for various Fe
concentrations, the composite saturation magngiizas a very useful comparison
parameter.

We measured the saturation magnetization(Ms) offiRe-particulate composites
that we processed by using Spark Plasma Sintef&)Ssee chapter 4 where four

different weight percents of Fe phase are usedrto fe-TiNi composites. We compare

the predicted and measured Ms values in TabledLakso in Figure 18.

Weight % Fe\y) | Volume fraction F&| M ¢(Experimental)| M ¢ (Predicted)
®
30 0.26133 40 52.266
50 0.4522 93 90.44
70 0.6582 135 131.64
100 1.0 200 200

Table 1. Comparison of saturation magnetizationpktsveen the predictions and experimental data

Saturation Magnetization vs. Volume Frac
250
_ 200 -
g _ 150 1
g S
=& 100 -
2 50-
(7]
0 T T T T
0 0.2 04 0.6 0.8 1
Volume fractior
—a— Experimental —e— Predicted

Figure 18. Comparison of saturation magnetizatiedisted by our model and measured

o
1+1_W IOFE
W Onini

“f= i Prer Pniti — densities of Fe and NiTi (7874 and 6500 g/cc rethpely)
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It is clear by comparing the model predictions #mel experimental results that there
is not a 100 % match in the values. Especially,léaver volume fractions the model
overestimates the Saturation Magnetization of theposite. But the margin of error
seems acceptable. The model could be further ingordwy taking into account the

interaction effects which the Pl is presently inigeging.

3.3. Stiffness properties of a FSMA composite

Here we constructed an analytical model to pratieteffective stiffness and slope of
the stress-strain (SS) curve of a FSMA particutatenposite which is composed of the
particulate SMA phase and ferromagnetic matrix phaghe model is restricted to
particulate geometry, and also the role of parétaiand matrix can be exchanged. The
model is based on Eshelby’s model. A typical SSewf a composite containing SMA

phase is idealized as in Fig.19 which consistshodd linearized stages, the first stage

(100% austenite phadg)™ ), second stage a mixture of austenite and matéepbases
(EM™) and the third stage (100% martensite pha%&,). Please note that in the second

stage, the fraction of martensite phase increadhsincrease in stress, thus this stage is
often called “stress-induced-martensite phase fioamstion (SIM)”. SIM is a key part of
superelastic behavior, shown as the loop in Figidi9he following, we state in details

the sequence of our model calculations.

A
o loading 3 Stage
2" Stage
1% Stage unloading
—,

€

Figure 19. Linearized version of SS Curve of a Sébnposite where the first and the third
stages are 100% austenite and 100% martensite peseetively, and the second stage is a
mixture of both phases, i.e. stress-induced mdtéepkase transformation (superelastic stage)
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a) 1% stageloading curve

For the first stage of the loading curve, the tfamsation straine; =0. The problem

thus reduces to Eshelby’s inhomogeneity problerguifé 20) where the applied stress
causes a relative strain among the matrix and.fibemg Mori-Tanaka’s Mean Field
Theory in association with Eshelby’s the stresedabe fiberQ domain are given by:-

6+ =E"" [[e°+e+g) =E* (e +E+e-¢") (43)
Here,

¢° - appliedstresdield

o — disturbanestresdield

¢ - disturbanestrainfield

€ - averagestraindueto interactions
E™ - stiffnes: tensolof Fe

¢’ X3 ¢’

L

2R 2R X2 \ 2R 2R}
Eshelby

*

EFE,8

Y Q -, Fiberdomain Y
D-Q - Matrix domain

€Y (b)

Figure 20. Eshelby’s Inclusion problem for usehia simulation of first and third stages behavior
in SS curve of a SMA composite
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By definition,

e =(EF)"@° (44)
or,

6=E™Qe+e-¢) (45)
The volume average strain disturbance over theesedtimain is zero, thus we get:-
g=-f(e-¢) (46)
Substituting equation (46) in (43) and after sohgelara we get:-

E, = [(EFE)_l + 1K ]_1 (47)
where

g =K [6°

K =[E"™ -E7)cfa- f)s+ f1)+E™| g™ - " )fE™) 8)
andwhere

EN™ - E\,duringstagelloadingand EN™ - ENT, duringstage3loading

Calculation ofe},

From equation (47) we can find the slope of the m@ssion SS curve of the
composite given the input parameters, namely, nateroperties of constituent phases
NiTi and Fe. But in order to trace the SS curvéhef composite, we need to evaluate the
stress required to be applied to the specimen gwaththe NiTi phase of the composite
has a stress value equal to Martensite Start Stre%$ ). The following set of equations

describes a way of doing that:-

6., =6°=V 0,=(1-f)e" + fo, (49)
6 =(1-fE®HS-1)[K,)®° = ¢ =RA [&° (50)
where

V, =[ 001000] ;RA =(I —EF Tf (S-1) [K ,); (51)
K, =[EY -E")da- f)s+ n}+E™] g -V )de™)" (52)
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TR °~ 7% " RAB (3))
Thus, applyingo,;stress in 3-direction would produce SIM in the Nphiase of the

FSMA composite. Similarly, the total strain in tb@mposite is given by:-

<8>total == f)<£>Fe * f<8>NiTi = <£>total = (- f)(e° +2) + f (° +& +e)

=%+ fe =(g) = [(EFe)—l+ fKA} &0 = [(Epe)—l .\ fKA} V.o, (54)

= <£>total total

Thus, the point (04, (¢)_, (31)) indicates the first “kink” point of the assumed

linear SS curve of the FSMA particulate composite.

b) 2" stage loading curve

In the second stage of loading, an eigenstrajrphase transformation strain from
Austenite to Martensite, exists in the NiTi fibegron. Since the eigen strain or the non-
elastic strain exists only in the fiber phase, freblem is identical to Eshelby’s

inhomogeneity inclusion problem (Figure 21). Thas e represented as follows:-

InQ, EX:\F [ﬁ80+£+8—8T):EFe Eﬁ80+£+8—8T _8*):EFe Eﬁ30+£+£—8**) (55)

where

* %

£ =& +&' & =[~vyy vy 10 0 O g

¢ =V°+WIE'

v=[EN -E")da- ns+ a}ee”] de e )de)” (56)

w =[[EN - E7)da- f)s+ fi}+EF] ENT

Since the SS curve of pure NiTi is assumed toriahig )}, the stiffness tensor of NiTi

phase exhibitinge " eigen strain is taken as
(E'l\\lAiTi _ Egm )

-
Eiotal

NiTi / T\ — =NiTi
Eau (833)_EA +

(s, (57)

where ¢, is the total transformation strain during compi@ss$oading of NiTi.
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The total volume averaged stress in domain D besome
(6), =0° =(1- NET e’ +&) + (o),

=06’ =(1-)E* Qe - f(S-E")+ f(c)f

=¢°=(1- flo° - f(1- NETS-1) & + f (o),

= [ +(1- DEF OS-1) v]@° +(1- HE* IS 1) W " =(),

O i VNiTi_
O VNiTi
Fe 1 Fe 1 T
= [1+(1- HE [S-1) Dv]mo 0+ Q- DEUS-N WY |e,=(o), (58)
0 0
_O_ . O -
= R(61)03;+T (61)£3; = (o),
¢’ X3 c°
N N
v VvV X2 v VoV
@ @\ e
D-Q O ENT T AN EFe ¢
E e
Q - Fiberdomain
60 D - Q - Matrix domain 60
(a) (b)

Figure 7. Eshelby’s Inhomogeneity Inclusion probliemuse in the simulation of the second
stage behavior of SS curve of a SMA composite.
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_ <O-33>f -T @Des

= R@Do,,+T (B)e, =(0,,), = 0, = 59
( ) 33 ( ) 33 < 33>f 33 R(3,1) ( )
where
0] - VNiTi_
0 —Vyiri
Fe 1 Fe 1
R =]l +(1- DEF qS-1) DV][JO andT = - HEFHS-) WD
0 0
_O_ - O -
The volume averaged strain is computed as:-
(e), =(1- f)(£° +E)+ f(e®+e+g—g') =g+ f(s** —aT) ©0)
) 60
—(s), =(E") + v+ w1y
where
[0] __VNiTi_
0 Vi
1 1
¢° = 0 U8 = 0 £ (61)
0 0
_0_ - 0 —

Thus, the applied stress,, required to cause any giver, transformation strain can
be calculated using equation (57). Consequentlg, tthtal strain exhibited by the

composite for the applied stress can be evaluatet) (58). Plottinga33versus<a>D(3,

1) values obtained by varyingg;between (0., ) gives us the SS curve for the Fe-NiTi.
It is to be noted that equation (57) makes useolufer’ £1,to comput& Nl (¢1.). An
iterative process for the calculation @f,has been proposed heg, is varied between

0,¢0 ) and at each"hstep, ENiT' (¢1.) is calculated usingJ,(n-1)". By increasing the
total AM 33 33

number of steps, the error can be minimized. Thaptadations are performed using
MATLAB.
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c) 3" stageloading curve

Third stage loading curve is similar to the firsige in the sense that there does not
exist any transformation strain in the NiTi phasaus, the problem can be solved as

Eshelby’'s inhomogeneity (Figure 20). The first stepolves calculation of martensite

finish stressey,, as enumerated overleaf:-

6. =6’ =0V, =1~ f)e™ + o), (62)
6™ =(I -EFF(S-1)[K, ) 6° = ¢ =RM [° (63)
where

V, =[ 001000]" ;RM =(1 —EF* (¥ (S-1) K ,,); (64)
K, =[EN™ -E7)fa- f)s+ )+ %] e - e )fe™e)” (65)
= (I1-RM)V,0,, = fol™:RMB = (| -RM)VO:aagz% (66)

Thus, applyingo,, stress in 3-direction would produeé&’ (31) in NiTi phase of the

i

FSMA composite.

The total strain in the composite is given by:-

<8>total =@Q-f )<£>Fe + f<£>NiTi = <8>total =@- f)(so +<_‘3) +f (80 +£ +¢g)
-1 -1 (67)
= [(EFe) + Ky, ]E;O = [(EFe) + Ky, ]W00-33

= <8>total - 80 + fﬁ* = <8>total

Thus, the point @, (¢) __ (31)) indicates the second “kink” point of the assumed

total

linear SS curve of the FSMA particulate composite.
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Chapter 4.  Processing of Particulate FSMA Composites

One of the proposed FSMA composite in the preseatkws a “particulate
composite” composed of particulate powders of SNKWT{() of superelastic (SE) grade
and ferromagnetic material, i.e., soft iron (FeheTordinary metallurgical route for
processing particulate composites using powders s&ndard sintering with long
duration of high temperature produces unwantedtioga products destroying the
original properties of SMA and ferromagnetic matkriTherefore, Spark Plasma
Sintering (SPS) is applied to a mixture of NiTi-8&d Fe powders in vacuum at various
temperatures for a period of 5 minutes. Since Usityeof Washington did not have an
SPS system, when this project was started in 2004, SPS located at Material
Processing Department, Tohoku University was aeckdsater, thanks to the DURIP AF
grant on equipmental proposal, we were awardedwa DERIP grant by which we
purchased a new SPS machine (Sumitomo Coal MirgmnJ model Dr. Sinter SPS-
1020S). Schematic of SPS machine is shown in Fig2r&he interface of the composite
is found to be free of inter-metallic compounds athiare known to the make the
composite brittle. Profs. Kang and Kawasaki of TkahdJniversity, Japan helped us
process the FSMA composites used in this early giathe work. Though the current
model will also hold true for laminate compositesaaspecial case, particulate FSMA
composite is considered due to the superior quafityomposite obtained through SPS
processing. Particulate NiTi-Fe composites weregssed by SPS at 6@in vacuum
for 5 minutes and 50MPa with 30, 50 and 70% Fe bight. The magnetization) —
magnetic field i) curves of the composite specimens are then megsising vibrating
specimen magnetometer (VSM), located at Tohoku é&fsity, are shown in Figure 20.
The saturation magnetization (Ms) taken from Fi8. &e compared with the model
results, Fig. 18, see its details in Chapter 3.
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Figure 22. Schematic of Spark Plasma Sintering J®f&hine used to process
FSMA particulate composites.
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Figure 23. M(emu/g ) - H(Tesla) curves of Fe-Tiimposites processed by SPS
and measured by VSM.

As far as the magnetic behavior of the Fe-TiNi cosiie is concerned, Figure 23

demonstrates the good magnetic behavior that digteel by the new model.

We tried several SPS conditions and heat treatmeatsdentify the best SPS
condition (The SPS conditions used are, 600 C,G,0énd 800 C all under 50 MPa for 5

min, in vacuum).
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Figure 24 (a) and (b) show the DSC results of B=3(36wt average dia=100mm) —
TiNi (average dia=21#m) with these three different SPS temperaturesowitland with
aging heat treatment of 320 C for 30min.

No Aging
0 .
whd
=02
= N
] ——SPS at 600C, 5 min, 50
= 0.4 1 MPa, no aging
\06 ——SPS at 700C, 5 min, 50
E ' X ~ MPa, no aging
E 087 ——5PS at 800C, 5 min, 50
3 MPa, no aging
T 1]
1.2 T T T T T T T T T T 1
-80 -60 -40 -20 0 20 40 60 80 100 120 140
Temperature (C)
(a) No heat treatment
Aging with 320C, 30 min.
O .
0.2
]
=
B o4
3 -
3 —SPS at 600C
<0 ——SPS at 700C
- ——SPS at 800C
o 038 L o]
= ; AVl )
whd
M 1
(]
= W
1.2 4
-8 -60 -40 -20 0 20 40 60 80 100
14 1 1 1 1 1 1 1 ]
Temperature (C)

Figure 24. Comparison 51at%NiTi (212 microns) +33%bwtFe (100 nm) Composite

(b) 320 C, 30 min heat treated

processed using SPS at 600, 700 and 8000C for ,56MiMPa in vacuum.

40




Figure 24 indicates that the best SPS temperadur6dC, 50 MPa, 5 min in vacuum
conditions, and the aging increased the transfaomaemperatures shown by peaks.
XRD analysis of the as-SPS processed with 700 &8 ® were performed and the
results are shown in Figure 25 (a) and (b), respsgt

o ® : TiNi (B2)
M a-Fe

s
8
>
'a
[
o)
E

vl

c
.

10 20 30 40 50 60 70 80 90
20 (Cu Ka) / degree

(a) 51at%NiTi (212 pm)+33.33%wtFe (74 um) composBeS at 7000C, 5 min, 50 MPa

® : TiNi (B2)

( J M a-Fe
E)
S
P
‘®
c
9
£

[ J

. |

o

10 20 30 40 50 60 70 80 90
20 (CuKa)/degree

(b) 51at%NiTi (212 um)+33.33%wtFe (74 um) compqQseS at 9000C, 5 min, 50 MPa
Figure 25. XRD of the composite NiTi obtained frdifferent SPS processes.
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Figure 25 reveals that use of higher temperatur&RS resulted in excess amount of
C which presumably came from the graphite mold.réfoee, use of lower temperature is
desired. However, lower temperature SPS processdtedsin higher porosity in the
samples. The effects of SPS temperature on thetgdenshe samples are summarized in
Table 2. From the results of Table 2, DSC dataig@ife 24 and XRD data of Figure 25,

use of 700°C is considered to be best.

Sample 1D Density | Theoretical |Porosity
SPS ...°C, 5min, 50 MPa measured|  density (%)
600°C,51at%NiTi (212 pm)+33.33%wt Fe (100 nm) 6.66 6.88 3.2
700°C, 51at%NiTi (212 um)+33.33%wt Fe (100 nm) 6.65 6.88 3.2
80C°C, 51at%NiTi (212 pm)+33.33%wt Fe (100 nm)|  6.65 6.88 3.2
700°C, 51at%NiTi (212 um)+33.33%wt Fe (74 um) 6.56 6.88 4.6
700°C, 51at%NiTi (MRi)+33.33%wt Fe (100 nm) 6.32 6.88 8.1
90C°C, pure 51at%NiTi (212 pm) sample 6.26 6.40 2(1
600°C, Dr. Kang's sample 6.07 6.88 11.8

Table 2. Densityof samples

We also attempted nano-sized TiNi powders whichewsipplied from Materials
Research International (MRi) and Argonide Inc. Fgg26 shows the DSC results of
100% TiNi sample processed by SPS and using nadopbwders (Ti -51 at %Ni ) at
850 °C, 5 min, 50 MPa, followed by aging at 320 for several different hours. It is
obvious from Fig. 26 that all DSC charts did nohiex any peaks, indicating no phase

transformation during heating and cooling curves.

J Using Archimedes Principle
pNiTi—6.4 gm/cm3pFe—7.86 gm/cm3
%in gm/cm3
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DSC chart 850C SPS 320C aging
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Figure 26. DSC chart of 100% TiNi sample, agin§2Q°C for several different hours

We also Processed 30wt%Fe — nano TiNi (10 nmatia)posite by SPS at 806G,
for 5 min, under 50 MPa, in vacuum, which was sciigjé to XRD analysis. The result of
XRD analysis of 30wt%Fe — TiNi composites are showrrigure 27 as open symbol
where the XRD result of nano-TiNi powders (Ti -5t % Ni) are also shown as a
reference. Figure 27 indicates the formation ofesgcamount of TiNiwhich may have
suppressed the formation of TiNi phase, i.e. B2 Bh€'. Due to highly reactive nature
of the nano-sized TiNi powders, the as-SPS prodeSseliNi (MRi) composites did not
give rise to any SMA-SE properties.
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Figure 27. Comparison of XRD results of TiNi naravder and TiNi/Fe composite

Therefore, we focuse only on use of TiNi powdereséhaverage diameter is 212,
supplied by Sumitomo Metals, Japan. In the follayiall TiNi designation referred to

this larger sized TiNi powder (21in) as a starting material.

The cross section of as-SPS processed 30 %wt HeediNposite is taken by SEM
with EDAX element analyzer at UW-MSE laboratoryddhe results are shown in Fig.28
where (a) , (b) and (c) denote the cross sectitimthiee different color coded elements,
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Figure 28. (a) Cross section of Fe (30 %wt) — TAimposite where particulate phase is TiNi
and matrix phase is Fe
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Figure 28. (b) Larger magnification view of the €ssection of Fe (30 %wt) — TiNi Composite
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4300X
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Figure 28. (c) Line profile of Fe and TiNi phasevibeen two adjacent TiNi particulates.

The Fe (30 %wt) — TiNi (ave. dia = 24/%) composites that are processed by SPS
with 700°C, 5 min. 50 MPa in vacuum are subjected to comjmedssting at different
testing temperatures. The results of compressiesssstrain (SS) curves are shown in
Figure 29 where (a), (b), (c) correspond to the cBB/es tested 4C, -4C, -20C,
respectively. The SS curves tested at higher teatyoer show superelastic (SE) behavior,
while the SS curves at lower temperature exhitapshmemory effect (SME) behavior.
This is due to the fact thatA40°C, A= -10°C, Ms= -30°C, M= -50°C, as shown in
the DSC chart, see Figure 29 (d).
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Chapter 5.  Processing of FSMA Laminated Composites by Plasma
Etching/Cladding Method

Once the optimum microstructure of a FSMA compowstéentified by the above
modeling, the next key step in the current AFOS#aech is processing of such a FSMA
composite. During the past several years, we atEmnphe processing of FSMA
laminated composites by plasma-etching and claddeghod where three kinds of

FSMA composite material systems are focused on:
(1) TiNi-FeCoV with Al as adhesive layer
(2) TiNi-FeCoV with Ag as adhesive layer

(3) CuAIMn-Fe with Mo as adhesive layer

Step 1 Step 2
Material A, B Surface activated Séirﬁ 3
In vacuum treatment .
bonding

Oxide and Actlvated m

absorbat surface t

q?Ar

MMM

Figure30. Schematic of plasma-etching/cladding proc€agd, 2005).

The processing of a FSMA laminated composite bypllasma-etching/cladding in
vacuum was performed by the facility at Toyo Kol@m Ltd., Japan as this company
has such equipment. The concept of the plasmarefctadding is shown in Figure 30.
The plasma-etching/cladding has been successfpplieal to the bonding of two thin
metal plates for use in electronic packaging appibos (Taya, 2005). However, the
order of the thicknesses of ferromagnetic plate€C@éin the first attempt) and SMA-SE

plate (TiNi) is 0.2-1 mm range. Therefore, we htveise an adhesive thin metal foil to
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bond these metal plates after heating to 8D0ange. The cross section of the above
composite plate is shown in Fig. 31 where thin ahum layer was used as adhesive

material.

Figure 31.Cross section view of FSMA composite made of NEME-SE) and
FeCoV(ferromagnetic material) with aluminum adhedayer, processed by plasma-etching/cold
rolling process.

It is noted in the design of FSMA composite of F&L that use of FeCoV is
advantageous as a soft magnetic material becausatitration magnetization (Ms) is as
high as 2.2 T. However, to make FeCoV convertedguch a high performance soft
ferromagnetic grade, we have to apply high tempesatheat treatment in oH
environment while intermediate heat treatment guired of TiNi to convert it to SE
grade in air. Thus, we have to make a good com@®rnm selecting a combined heat
treatment to be applied to FeCoV/TiNi composite.

In order to improve the high temperature stabibfy TiNi/FeCoV composite, we
applied Ag thin adhesive layer instead of Al fondimg of TiNi and FeCoV plates as Ag
can sustain higher temperature than Al during st peat treatments. Fig. 32 shows as-
bonded NiTi/Ag/FeCoV composite where (a), (b) denthte overview, cross section of
the composite plate, respectively and (c) exhihiesEDX analysis of NiTi/FeCoV sheet
composite. DSC measurements and B-H curve ottngposite after it was heat-treated
(80C°C 30min in vacuum, water quenched) are shown in B&y(a) and (b). Fig. 33
indicates that the NiTi/FeCoV FSMA composite proedssby the plasma
etching/diffusion bonding with Ag layer exhibitsgsde transformation under temperature

change and reasonably good magnetization (M) vgnete field (H) relation.
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(a) Overview (b) Cross section

NiTi/FeCoV: As-bonded Ag
A T ) EeC¢/ NiTi 5"\le IWEr-blcps]
5 PR , —7 Ti K 800
FeCoV = E ” ﬁ c % e K 00
: R : 97 Co Ker 500
A o : | — 28 Ni Kat 500
St e i 47 ke Lel 1600

Analysis line; §

SEM image
(c) EDX analysi: of NiTi/FeCcV Sheet Composi,
There are no inclusions, compounds at interface.

Figure 32. TiNi/FeCoV FSMA composite plate wheréeglve thin Ag layer was used for firm bonding.
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Figure 33. (a) DSC data, (b) M-H curve of TiNi/F&Cocomposite.

Finally we attempt to process CuAlMn-Fe laminatethposites by plasma-etching
cladding method where Mo was used as adhesive. laijgre 34 (a), (b) and (c) show
as-bounded composite, the cross section of CuAlbtign)-Mo(middle)-Fe(top), at low
and higher magnifications, respectively. This fegurdicates strong bounding between
them.

Figure 34. (a) Appearance of CuAlMn/Fe as-claddetitzeat-treated
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(b) (©)

Figure 34. Cross section of CuAIMn/Mo/Fe compo§iteentire thickness

(c) magnified view of the interfaced area
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Appendix A: Relation Between Bending Moment and Crvature for Laminated
Composites

The relation between the normalized bending mornaewt the normalized curvature of the
FMSA composite plate is classified into the follogiieight patterns as shown Figure A.1.

A & Loading

Loading
— Pattern 3

M/E bte

M/Eble
M/E b

Pattern 2
Y

Pattern 2

Pattern 6

\ §a[1er7 Pattern

Pattern 4 Unloading

Pattern 8
Pattern 1

Loading
and
Unloading

Pattern 7

Pattern 4 Unloading

v
v

hip h/p hip
(a) Case 1 (b) Case (c) Case 3
Figure A.1 Relation between Normalized Bending Motand Normalized curvature.

Case 1 is constructed with only Pattern 1 (FiguH&))

Case 2 is constructed with pattern 1 and 2 forltheing, and pattern 1, 4, 5, and 6 for the
unloading. (Figure A.1(b))

Case 3 is constructed with pattern 1,2 and 3 ferltlading, and pattern 1, 4, 7, and 8 for the
unloading. (Figure A.1(c))

Equations of each pattern are shown as follows.

Pattern 1 (Case 1,2,3)

e f ST

where ¢ is the distance of the neutral axis.
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Pattern 5 (Case 2)
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where & is the distance of the neutral axis.
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USEFUL RANGE
The useful range of the curvature of each pateshown as follows.
Case 1

Pattern 1(Loading and Unloading)
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Pattern 4 (Unloading)
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Pattern 3 (Loading)
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